Background: Cerebral venous thrombosis (CVT) is a cause of stroke with obscure pathophysiologic properties that differ from arterial stroke. Its main mechanisms of pathophysiology are the breakdown of the bloodbrain barrier and the coexistence of cytotoxic and vasogenic edema. However, conventional magnetic resonance imaging (MRI) cannot differentiate between vasogenic and cytotoxic edema.
D
IFFUSION-weighted imaging (DWI), first developed by Le Bihan et al, 1 can detect changes in water diffusion associated with cellular dysfunction and can be used to detect ischemic lesions of the brain within the first few hours of stroke onset. 2 The application of DWI in diagnosing arterial stroke is well established and has been demonstrated by numerous experimental and clinical studies [3] [4] [5] [6] [7] [8] [9] to show an early decrease and late increase, or normalization, of the apparent diffusion coefficient (ADC). It has been well documented that cytotoxic edema, related to acute infarction, is characterized by markedly decreased diffusion and that increased interstitial water in v a s o g e n i c e d e m a 1 0 d e m o n s t r a t e s increased diffusion. Conventional magnetic resonance imaging (MRI) cannot differentiate between vasogenic and cytotoxic edema.
Cerebral venous thrombosis (CVT) is a cause of stroke with obscure pathophysiologic properties that differ from arterial occlusion. Rö ther et al 11 summarized the mechanisms: (1) Increased pressure in the superior sagittal sinus results in reduced capillary perfusion pressure 12 and increased cerebral blood volume. 13 (2) Obstruction to venous flow leads to increased intracranial pressure and blood-brain barrier disruption, resulting in decreased cerebral blood flow. 14 ( 3) The net capillary filtration increases, leading to progressive cerebral edema with (4) intracerebral and subarachnoid hemorrhage additionally compromising the brain tissue.
There have been a few case reports on the application of DWI in patients with CVT. [16] [17] [18] These reports revealed that the most striking feature of DWI findings was that reversible ADC changes (decrease 16, 17 or increase 18 ) were evident during the acute period of CVT. More recently, various DWI results have been reported, 19, 20 such as heterogenous findings and the possibility that cytotoxic edema is a feature of CVT.
We report various DWI findings in CVT and evaluate the prognostic value of DWI. Furthermore, the mechanisms of venous stroke were characterized by analyzing ADC maps.
RESULTS
Based on the patterns of SI on DWI and ADC maps, we classified the DWI findings into 3 groups: heterogeneous SI, multifocal high SI, and high SI in clots. The characteristics of the groups are described.
HETEROGENEOUS SI GROUP (PATIENTS 1-10)
Heterogeneous SI indicated nonhemorrhagic venous infarcts (patients [1] [2] [3] [4] [5] [6] [7] [8] Figure 1B ). Anticoagulation therapy was initiated and the patient's symptoms and signs were completely normalized. A follow-up MRI of patient 1 was obtained 1 month later. The heterogeneous SI on DWI had disappeared completely and the ADC values had returned to normal (0.72-0.78 ϫ 10 −3 mm 2 /s). A follow-up T2-weighted image depicted high SI remaining in a previously very bright lesion on the initial DWI ( Figure 1D ). Diffusion-weighted imaging results and ADC maps of the rest of the group (patients 2-8) showed similar findings.
In patient 9, the area of heterogeneous SI had a dark, thin rim surrounded by low SI (Figure 2 ). The very bright SI with a dark rim indicated a hemorrhagic signal. Apparent diffusion coefficient maps depicted decreased ADC values (0.51-0.52 ϫ 10 −3 mm 2 /s) in the very bright SI region (hemorrhagic cavity) on DWI and high ADC values (1.45 ϫ 10 −3 mm 2 /s) in the surrounding low SI region on DWI. The findings of DWI and ADC maps were similar in patient 10.
MULTIFOCAL HIGH SI GROUP (PATIENTS 11-13)
This type of DWI finding ( Figure 3 ) would be expected for an acute arterial stroke (patient 11). The corresponding ADC values were decreased (0.53-0.59 ϫ 10 −3 mm 2 /s) on ADC maps. The values were low in all of the multiple lesions on DWI and similar to those observed for an acute arterial stroke. The diagnosis of CVT in this patient was confirmed by the visualization of high SI of the thrombus in the cerebral venous sinus on T1-weighted MRI and nonvisualization of the right transverse sinus and superior sagittal sinus on MRV. The MRI findings of patients 12 and 13 were similar. The multiple MRI lesions did not correlate with clinical symptoms and signs, such as focal neurologic deficits. After commencing anticoagulation therapy, the symptoms disappeared within a week and no follow-up MRI was obtained. /s). The diffusion gradients were applied along 3 axes (x, y, z) simultaneously. The ADC was calculated based on the Stejskal-Tanner equation 21 as the negative slope of the linear regression line best fitting the points for b vs ln SI-the SI from the region of interest within the images acquired at each b value. Apparent diffusion coefficient maps were created by performing this calculation on a pixel-by-pixel basis. The respective ADC values are described (Figures 1,  2 , 3, and 4, and Table 2 ). Normal ADC values of the parenchyma and white matter ranged from 0.78 to 0.91 ϫ10 −3 mm 2 /s (Chu et al, unpublished data, 2000) . Regions of interest were carefully drawn in the abnormal areas on calculated average ADC maps as well as in normal-appearing areas with variable sizes. The selection of regions of interest was made with the help of T2-weighted echo planar images obtained by the same method of acquisition as the diffusion images (ie, images generated from the diffusion sequence with diffusion sensitivity, b=0); this was to avoid errors in regions of interest selection caused by spatial distortions leading to discrepancies between diffusion images and conventional MRIs. The analyses of images and ADC values were performed by expert neuroradiologists (Kee-Hyun Chang, MD, PhD, Seoul, Korea) and neurologists (K.C. and D.-W.K.). Perfusionweighted MRI was not performed.
METHODS

HIGH SI IN CLOTS GROUP (PATIENTS 7 AND 14)
High SIs in clots were found in the cerebral veins and sinuses ( 
COMMENT
Findings of CVT on DWI have several distinctive aspects compared with those of arterial stroke. We observed 3 patterns in the DWI findings: heterogeneous SI, multifocal high SI, and high SI in clots. Conventional MRI images (T2 and fluid-attenuated inversion recovery) depicted similarly high SIs for the areas of venous congestion and infarct and cannot be used to differentiate between the types of edema.
HETEROGENOUS SI IN NONHEMORRHAGIC VENOUS INFARCT
The heterogenous SI group included nonhemorrhagic and hemorrhagic venous infarctions. Nonhemorrhagic venous infarctions (patients 1-8) were indicated by the combination of cytotoxic and vasogenic edema on DWI, and the SI was inversely correlated with the corresponding ADC value. The experimental CVT study reported an early decrease (Ͻ48 h), and late increase (Ͼ48 h) in ADC values, 10 demonstrating that early cytotoxic edema preceded late vasogenic edema. Corvol et al 16 and Manzione et al 17 reported that rapid MRI scanning during the acute period (within 24 hours) revealed decreased ADC, which was later reversed by suitable treatment. Keller et al 18 reported that DWI findings, obtained 1 day after the onset of symptoms, revealed high ADC values, which suggested the existence of a predominantly vasogenic edema. Their DWI findings correlated well with a previous experimental study. 10 Diffusion-weighted image results and ADC maps in this group, performed at the early to late subacute stages (3-30 days), showed normal to increased ADC values.
Recently, heterogenous SI on DWI was reported. 19, 20 It was observed that ADC values decreased up to 16% in the acute stage and increased or were normalized within 4 days. In 1 patient in the series, 19 the ADC values were were very low (0.3-0.4 ,10 −3 mm 2 /s) and the abnormal region turned out to be hemorrhagic. Most of the high ADC region disappeared on follow-up images. 19 In our study, DWI in the heterogeneous SI group depicted variable and high SI, very bright, high SI in the normal ADC regions, and high SI in the high ADC regions. The high SI despite the normal to high ADC values was probably owing to a T2 shine-through effect. As with T1-and T2-weighted images, DWI is not a pure map of ADC but contains mixed contributions from spin density and T2 effects. 22, 23 Because of these shine-through effects, the DWI should be interpreted with reference to ADC maps. The diagnostic information provided by DWI and ADC maps is not identical.
The ability to differentiate between the different types of edema is important because of their relationship with tissue viability. Follow-up DWI and conventional MRI results in patient 1 depicted an almost complete disappearance of the multiple lesions in the bilateral basal ganglia, brainstem, and cerebellum, which had previously shown high ADC values at the onset of clinical improvement. The multiple high ADC lesions were caused by disruption of the blood-brain barrier and were not necessarily associated with cellular damage. Preservation of neuronal tissue was also documented by Hsu et al, 24 using proton MR spectroscopy in a case of deep CVT. The authors suggested that although the tissue was impaired, it was still viable. 
HETEROGENOUS SI OF HEMORRHAGIC VENOUS INFARCT
The heterogenous SI group had an additional factor: SI attributed to hemorrhage (patients 7, 8) . The bright SI of the hemorrhagic clot on DWI was owing to the paramagnetic effect of the intracellular methemoglobin, and the surrounding low SI with high ADC values was probably caused by vasogenic edema. Between these, a thin rim of low SI was observed, suggesting the occurrence of hemosiderin. 25, 26 Diffusion-weighted imaging and ADC measurement of intracranial hematoma were recently reported by Atlas et al. 27 The authors suggested that the determining factors of ADC values in hematoma may be the paramagnetic effects of the methemoglobin rather than restriction of water movement. Apparent diffusion coefficient values suddenly rise in the late subacute stage during which the red blood cells start to lyse and the intracellular methemoglobin switches to the extracellular state. 27 Our DWI findings and ADC values of patients 9 and 10 reflected those findings.
MULTIFOCAL HIGH SI OF VENOUS INFARCT
The second type of DWI abnormality was manifested as multifocal high SI (patients [11] [12] [13] . The ADC values of the lesions were as low as those observed for arterial stroke. Cerebral venous thrombosis was diagnosed by the abnormalities observed with conventional MRI and MRV. Time interval from onset to DWI was rather short (5 days in patient 11, 2 days in patient 12, 1 day in patient 13); DWI findings of this group may represent the acute stages. Forbes et al 20 reported the initial ADC decrease in patients with CVT and the ADC decrease returned to normal or increased within 4 days. Anticoagulation was immediately initiated after the MRI results were obtained. The clinical symptoms disappeared completely after the anticoagulation therapy.
The mechanisms of multifocal high SI on DWI are not well known. However, Manzione et al 17 reported a similar reversible ADC decrease in multiple high SI lesions on DWI. They suggested that a variety of different mechanisms in diffusion abnormalities in CVT probably occur, resulting in a local increase in transcapillary and interstitial pressure rather than failure of the tissue energy state. 17 The high SIs on DWI and low ADC values do not always indicate irreversibility but rather the presence of tissue at risk. Dardzinski 
SI OF CLOTS IN SINUSES
Diffusion-weighted imaging also showed high SI of the intravascular clots, which has not previously been reported (patients 7 and 14). The corresponding ADC values of the intravascular clots were observed to decrease (0.43-0.55, 10 −3 mm 2 /s), which means that the high SI of the clot could not be attributed to T2 shine-through effects. Our report is the first to our knowledge to describe the DWI findings of an intravascular clot at the early subacute stage with an analysis of corresponding ADC values. We suggest that the SI of the clot in DWI was owing to the paramagnetic effect of the clot (intracellular methemoglobin). Furthermore, the DWI of patient 11 depicted abnormality in the clot SI alone without any visible parenchymal lesion.
The appearances of clots on conventional MRIs and the variable stages associated therewith have been well described by Bianchi et al. 26 The T1, T2, and fluidattenuated inversion recovery SIs were also high and our findings are similar to the early subacute stage thrombus described by Bianchi et al. 26 Intraluminal clots evolve at stages similar to parenchymatous hematomas depending on the paramagnetic effects of hemoglobin degradation products. 29, 30 The evolution of the MRI signal from parenchymal hemorrhages does not differ markedly from venous thrombosis. However, eventually hemorrhage will show a peripheral rim of low SI on T1-weighted, T2-weighted, and DWI results, which is characteristic of hemosiderin. This feature is absent in the venous sinuses, which are not able to accumulate macrophages containing hemosiderin. 25, 26 At the subacute stage, the clots first become hyperintense on T1 with persisting low SI on T2 images and then appear hyperintense on both T1 and T2 images. 26 Atlas et al 27 reported the ADC changes during the evolution of the hematoma. They suggested that the potential mechanisms of the ADC decrease in early hematoma may be summarized as follows: (1) a shrinkage of extracellular space with clot retraction; (2) a change in osmotic environment; (3) conformational changes of the hemoglobin macromolecule within the RBC; and (4) contraction of intact red blood cells.
27
DETECTION OF THE SUBCLINICAL ABNORMALITIES
Diffusion-weighted imaging findings in patient 3 showed T2-negative mixed SI in the right high frontal lobe. The location of the lesion also correlated well with the thrombosed cortical veins and sinuses (high SI on T1-and T2-weighted MRIs). However, the patient exhibited no specific symptoms. The DWI findings were thus able to resolve subtle or preclinical venous congestion before visible lesions appeared on conventional MRI and clinical symptoms became apparent. This case was reported previously elsewhere 29 and Manzione et al 17 also reported similar findings.
There were some limitations to our study. First, the number of patients was too small from which to extrapolate our findings, especially for the grouping attempt. Second, the time from the onset of disease to DWI was variable and not homogenous. This can be attributed to the diverse clinical manifestations of CVT. It is well known 
